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Motivated by the diverse possibilities of magnetic applications as well as a fundamental interest in magnetism, magnetization reversal dynamics in ferromagnetic thin films have been extensively studied during the last few decades. [1] [2] [3] Recently, interest in this field has grown significantly, largely motivated by experimental observations of contrasting domain patterns among similar samples of many systems. 4 -7 Direct domain observation using advanced magnetic imaging techniques has shown that the contrasting domain patterns resulted from the counterbalance of three fundamental magnetization reversal processes: nucleation, dendrite-growth, and wall-motion processes. 4, 7 Micromagnetic calculations have indeed demonstrated the contrasting change of simulated domain evolution patterns with respect to the magnetic properties. [7] [8] [9] [10] [11] [12] [13] Kirby et al. 8 first presented simulated results of contrasting behavior from wall motion to nucleation-dominant magnetization reversal with respective to the domain wall energy, which could explain the experimental observations in Dy/Fe multilayers well. Lyberatos et al. 9 developed a more generalized micromagnetic description of magnetization reversal, which predicted three contrasting behaviors among the wallmotion, nucleation, and dendritic-growth processes depending on the magnetic properties of samples. Several equivalent models have been reported to explain the magnetization reversal behavior observed in a number of different sample systems, 7, 10 taking into consideration the local magnetic variation. 11, 12 Quite recently, Lyberatos 13 summarized the various micromagnetic algorithms and their relevancy for each physical situation.
Despite these advances, however, we would like to point out that in all of the existing micromagnetic approaches, the simulated results can only be obtained after time-consuming iterative calculations. This essentially restricts the scope of potential research to some particular cases, especially those on areas much smaller than experimental-observed areas because the simulation time rapidly increases with an increase in the simulation area, i.e., the number of simulation cells.
Thus, an explicit characterization of magnetization reversal behavior without carrying out a time-consuming iterative simulation remains a scientific challenge to date.
In this study, we present an analytic description of magnetization reversal behavior based on a micromagnetic model of uniaxial perpendicular magnetic anisotropy. The description provides a magnetization reversal phase diagram determined from equilibrium conditions of typical magnetization reversal processes. The validity of this phase diagram is discussed together with simulated domain evolution patterns.
For this study, a micromagnetic model was developed to predict the magnetization reversal dynamics by adopting a Monte Carlo algorithm based on a uniaxial anisotropy model originally proposed by Kirby et al. 8 In this model, a film is composed of nanosized identical single-domain cells on hexagonal lattices lying in an XY plane with periodic boundary condition, and the magnetization of each cell is aligned along the Ϯz direction except during the reversal process. Each cell of volume V c has a saturation magnetization of M s and a uniaxial perpendicular magnetic anisotropy of K u , and each cell boundary has a wall energy density w . Then, the magnetic energy E of a cell having an angle of magnetization direction from the ϩz axis is given by
͑1͒
where H and Ĥ are the external magnetic field and the demagnetizing field along the ϩz direction, respectively. ϭ⌺ k cos k /6 is the fraction of the magnetization state summed over the nearest neighboring cells k, and d c is the distance between the centers of the nearest neighboring cells. The magnetic energy can be rewritten into a simplified form expressed by
introducing the dimensionless parameters where m ϭ2M s 2 /K u is the ratio of the magnetostatic energy over the anisotropy energy, wϭ w /t c K u is the ratio of the wall energy over the anisotropy energy, ␣ϭM s H/2K u is the ratio of a͒ Presently at: Advanced Light Sources, Lawrence Berkeley National Laboratory; electronic mail: SBChoe@lbl.gov APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 10 11 MARCH 2002 the applied magnetic field over the anisotropy field and ĥ ϭĤ /4M s is the ratio of the demagnetizing field over its maximum value. The magnetic energy E has two minima at ϭ0 and with a maximum in between. The energy barrier E b for reversal is then given by the difference in energy between the initial value and the maximum as follows:
where m ϭcos 0 is the directional cosine of the initial magnetization direction 0 of the cell. In a thermally activated magnetization reversal process, magnetization reversal of a cell takes place by overcoming the energy barrier E b via activation with the thermal energy k B T, and the switching probability of a cell in time ⌬t is given by
where r 0 is the probability constant ͑or inverse of the attempt frequency͒. Here, ␤ЈϭK u V c /k B T is another dimensionless parameter that gives the ratio of the magnetic anisotropy energy of a cell over the thermal activation energy. The switching probability p of an individual cell is determined according to the magnetization state of the neighboring cells. Now we consider typical situations of the three fundamental magnetization reversal processes illustrated in Fig. 1 : the wall-motion process takes place by switching a cell at the boundary of an existing domain; the dendriticgrowth process switches a cell at the end of a stripe domain; the nucleation process makes an isolated cell. From the typical situations, one can determine the situation parameters, i.e., the normalized demagnetizing field ĥ and the domainwall coverage according to the corresponding magnetization reversal process. The values of the situation parameters are given at the bottom of each part in Fig. 1 . The number of cells n in each typical situation was chosen as an approximate quantity.
The probability P i , where the magnetization reversal process i takes place among all of the simulation cells, is given by the sum of the individual switching probability p i of the number of cells n i in a typical situation of the magnetization reversal process i, i.e., P i ϳn i p i . The equilibrium condition between the magnetization reversal processes i and j is then given by P i ϭ P j , since the subsequent magnetization reversal is chosen by a counterbalance between the probabilities of the magnetization reversal processes. Using Eq. ͑4͒, the equilibrium condition can be rewritten as a function between the normalized domain-wall energy w and the normalized magnetostatic energy m, given by
where the coefficients a, b, and c are
In this study, w and m are chosen as major quantities due to the fact that they directly reflect the different magnetization reversal situations to the reversal probability via the term mĥ ϩw in Eq. ͑4͒, whereas the other parameters, such as ␣, ␤Ј, and N, just give the same contribution to all the reversal probability; more detailed discussion of this will be reported elsewhere. Figure 2 shows the phase equilibrium lines on the m -w coordinate, where each line is designated by a corresponding equilibrium condition. Here, the other parameters are fixed to ␤Јϭ837 and ␣ϭϪ0.75 on 256ϫ256 cells. The value of ␤Ј corresponds to the values of K u ϭ5ϫ10 6 erg/cm 3 , t c ϭt f ϭ2ϫ10 Ϫ6 cm, and Tϭ300 K. From Fig. 2 , one can clearly see the phase diagram is composed of three magnetization reversal phases. In phase I, the wall-motion process is dominant compared to the other processes, i.e., P w Ͼ P d and P n , whereas the dendritic-growth process is dominant in phase II and the nucleation process is dominant in phase III.
To examine whether the phase equilibrium lines accurately classify the magnetization reversal phases, a micromagnetic simulation was carried out under conditions identical to those used in the present phase diagram. Figure 3 illustrates the simulated domain evolution patterns with respect to m and w together, where each frame is aligned in a column with different m and in a row with different w. Each frame shows a domain evolution pattern of 25% reversal for FIG. 1. Typical situations of ͑a͒ the wall-motion process, ͑b͒ the dendriticgrowth process, and ͑c͒ the nucleation process, respectively. The magnetization reversal situation parameters, ĥ , , and n, for the corresponding magnetization reversal situations are given at the bottom for each case. Here, ĥ stripe is the contribution to the demagnetizing energy from the cells lying on the linear stripe domain, shown as black cells in ͑b͒, and ĥ self is the selfdemagnetizing energy of a cell. a sample having corresponding values of m and w as denoted in the top and left margins of the domain-pattern arrays, respectively. All the domain evolution patterns systematically change with a change in either m or w, and one can clearly find three peculiar domain patterns: ͑i͒ a large domain; ͑ii͒ dendrite-like stripe domains; ͑iii͒ small nucleated domains. It should be pointed out that the fundamental characteristics of these domain evolution patterns are basically unchanged with respect to the time elapsed ͑or the reversal percentage͒, and thus they can be considered as invariant features closely related to the quasiground energy state of the static domain patterns.
We plot the phase equilibrium lines together with the simulated domain evolution patterns shown by the gray lines in Fig. 3 . It is clear that the domain evolution patterns are classified well by the phase diagram: all the domain evolution patterns of each extreme phase appear inside the corresponding partition, whereas the intermediate patterns are seen around the phase equilibrium lines.
An intriguing question we would like to address concerning the phase transition behavior across the phase equilibrium lines is whether the magnetization reversal process exhibits an abrupt transition or a smooth transition with different magnetic properties. A detailed investigation of the domain evolution patterns around the phase equilibrium lines revealed that all the phase transitions were preceded by continuous changes in domain evolution patterns. For instance, a phase transition with a change in w across the phase equilibrium line exhibits a gradual change in magnetization reversal dynamics between the wall-motion dominant phase and the nucleation dominant phase: the average size of the domains gradually increases while the number of domains gradually decreases with an increase in w. A smooth phase transition was also observed between the wall-motion dominant phase and the dendritic-growth dominant phase with a change in m across the phase equilibrium line.
Note that the present phase diagram was calculated from only three extreme situations of typical magnetization reversal processes. But there are other intermediate situations, such as wall motion from a curved domain boundary, dendritic growth from a thick stripe, or nucleation near existing domains. The situation parameters of these intermediate processes have their own values, and therefore additional minor phase equilibrium lines between these intermediate processes possibly exist. Thus, it is expected that the magnetization reversal dynamics gradually change with changes in the magnetic properties via successive minor phase transitions across every intermediate phase equilibrium line, for instance, from thinner stripe domains to thicker stripe domains, and finally to a large circular domain.
In summary, we presented an analytical prediction of the magnetization reversal phase diagram by micromagnetic consideration of uniaxial ferromagnetic thin films. The phase equilibrium lines were calculated by considering the extreme cases of three contrasting magnetization reversal processes: wall-motion, dendritic growth, and nucleation processes. The phase diagram was able to characterize the simulated domain evolution patterns accompanied by gradual phase transitions across the phase equilibrium lines well and, thus, it provides a good explicit prediction of magnetization reversal phase without having to carry out any time-consuming iterative simulation. 
